A chemotaxis assay system that uses a modified Boyden chamber was characterized and used for measurements of chemotaxis by Bdellovibrio bacteriovorus strain UKi2 toward several bacterial species. Bacteria 
A chemotaxis assay system that uses a modified Boyden chamber was characterized and used for measurements of chemotaxis by Bdellovibrio bacteriovorus strain UKi2 toward several bacterial species. Bacteria tested included both susceptible and nonsusceptible cells (Escherichia coli, Pseudomonas fluorescens, Bacillus megaterium, and B. bacteriovorus strains UKi2 and D).
None was attractive to bdellovibrios when present at densities below 107 cells per ml. Chemotaxis toward E. coli was studied most extensively; under conditions that minimized effects of osmotic shock to the cells, E. coli and exudates from E. coli at densities as high as 10 cells per ml failed to elicit a chemotactic response. Cell-free filtrates from mixed cultures of bdellovibrios and E. coli neither attracted nor repelled bdellovibrios. The data indicate that bdellovibrios do not use chemotaxis to locate prey cells.
Bdellovibrio bacteriouorus is a predatory bacterium that grows at the expense of other gram-negative bacteria (30, 32) . To survive, a bdellovibrio must locate and successfully penetrate a prey cell before losing its viability due to rapid starvation (20) . Hespell et al. (20) have estimated from their data on viability of three strains of B. bacteriovorus under starvation conditions that about 1.5 x 105 prey cells per ml would have to be present for a bdellovibrio to have a 50% chance of survival if it encountered its prey solely by random collision. This would limit the distribution of bdellovibrios in nature to environments containing relatively dense populations of prey. The required density of prey would be lower if suitable sources of carbon and energy were present to relieve the starvation of the bdellovibrios or if the predator could use a "search" mechanism such as positive chemotaxis (motion toward a chemical) for the location of prey cells (20) .
Speculation that bdellovibrios might locate their prey by means of chemotaxis has appeared in the literature (e.g., references 30, 32) without any reported attempt to make direct experimental tests (28) . E. coli and B. bacteriovorus strain UKi2 grown nonpredaciously were propagated in peptone-yeast extract medium (PYE, components from Difco) (2) . For some experiments, E. coli was grown in a glycerol-salts medium (P medium of Kaiser and Hogness + 0.5% [wt/vol] glycerol [1, 21] ). B. megaterium and P. fluorescens were grown on Trypticase soy broth (TSB; Becton, Dickinson, and Co.). For one experiment, B. megaterium was grown on the glucose-salts medium of Tuominen and Bernlohr (36) .
Suspending medium (SM) Yeast extract solution was prepared as described previously (33) .
Protocol of chemotaxis experiments. Chemotaxis to intact cells was measured using a modified Boyden chamber similar in design to that of Denning and Davies (8) and machined from Delrin (Fig. 1) . In the chamber, two identical compartments were separated by a membrane filter (0.45-gm pores [Millipore] or 0.4-,um pores [Nuclepore]). B. bacteriouorus was small enough to pass through the membrane, but the various attractant bacterial cells were not. Prey cells were injected into the "test compartment" of the assembled chamber, bdellovibrios were injected into the "Bdelloibrio compartment," and the chamber was incubated at 30°C for 30 min. During this time, diffusion created a concentration gradient of the attractant, to which the bdellovibrios could respond by swimming up the gradient into the test compartment. After incubation, the contents of the test compartment were removed and serially diluted in DNB; bdellovibrios that had entered the test compartment were counted by plating samples ( The terms used to describe the results of a chemotaxis experiment are response, background, concentration-response curve, peak concentration, peak response, and threshold, as defined by Mesibov and Adler (26) .
Handling of membrane filters and Boyden chambers. Filters were soaked in three changes of distilled water, autoclaved in distilled water, and drained free of excess water before use. Boyden chambers were washed in ethanol, rinsed in tap water, and then extensively rinsed in distilled water.
In tests for leakage of chemotaxis chambers, the chambers contained membrane filters having 0.22-gm pores (Millipore) or 0.2-am pores (Nuclepore).
Bdellovibrios could not pass through these filters by random swimming, and any bdellovibrios detected in the test compartment (which contained SM) would be due to leakage around the filter. A gasket was required to prevent leakage with the thin Nuclepore filters; for this purpose, a circle of J. BACTERIOL.
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Experimental conditions. The temperature at which the chambers were incubated (30°C) and the pH of the suspending medium (7.35) lie within the ranges of these conditions that are optimal for chemotaxis by B. bacteriovorus (24) ; they also are similar to the temperature (30°C) and pH (7.2) at which the cells were grown. The salts contained in SM are not required for chemotaxis by B. bacteriovorus, but were included, since the role of these salts in the predator-prey interaction is not completely understood at this time.
Preliminary tests with the Boyden chambers used a strong attractant, yeast extract (33 Nuclepore and Millipore membrane filters gave comparable results, but the Nuclepore filters proved more difficult to handle because of problems with leakage. Figure 2 shows the chemotactic and background responses by B. bacteriovorus strain UKi2 as a function of the time of incubation of the chambers before removal of the contents of the test compartments. The accumulation of cells in the test compartment was rapid for the first 20 min and approached a plateau by 30 min. An incubation period of 30 min was used in the remainder of the experiments, since this period was sufflcient time for the development of a near-maximal chemotactic response and of a background response free of the apparent limitation seen after longer incubations. Figure 3 shows the chemotactic and background responses by B. bacteriovorus strain UKi2 as a function of the density of the suspension of bdellovibrios in the Bdellovibrio compartment. There was a linear increase in the chemotactic accumulation of cells in the test compartment as the number of cells in the Bdellovibrio compartment was increased (the power law from the log-log plot is unity). The background responses increased roughly in parallel to the chemotactic responses up to a density of 10' cells per ml; at higher cell densities, the background responses showed a plateau or a decrease in size, whereas the chemotactic responses continued to increase in linear fashion. The unknown factors causing plateaus for the chemotactic responses in similar experiments with the capillary assay system (1, 24) apparently were not limiting for chemotaxis in the Boyden chambers, but might have been affecting random swimming through the membrane at high cell densities. For subsequent experiments (excluding that of (24) . With the Boyden chamber, the ratio was ca. 74 for B. bacteriovorus strain UKi2 (33 determinations) and ca. 94 for strain UKi2Sm' (11 determinations) .
There was considerable day-to-day variation in both the background and chemotactic responses (for both assay systems [24, 331 (35) .
Chemotaxis toward nonsusceptible bacteria. B. megaterium will not serve as prey for B. bacteriovorus strain UKi2 (unpublished data). This nonsusceptible species, which is sensitive to streptomycin, was tested for chemotactic attractiveness to a streptomycin-resistant derivative of B. bacteriovorus strain UKi2. The media used in the subsequent plating analysis contained streptomycin, which prevented overgrowth by B. megaterium. In all, three tests were made, one with exponential-and two with stationary-phase cells grown in TSB and preincubated for 25 min (Fig. 7) . There was no detectable chemotactic response until the prey density reached 107 cells per ml. At higher densities, there was an increasingly strong response, which reached a maximal level almost as high as the response to yeast extract and which declined to the background level, presumably due to saturation of the chemotactic machinery of the bdellovibrios (1).
Preincubation of the B. megaterium cells for 90 min did not make the cells more attractive to B. bacteriovorus than they were after 25 min of preincubation (data of Fig. 7 a E. coli cells were grown to exponential phase, harvested, and then preincubated for 25 min before being removed from SM by filtration. The resulting filtrate was diluted and tested for chemotactic attractiveness. When glycerol was present in SM, its concentration was that used in glycerol-salts medium.
" A volume of SM was filtered and diluted into unfiltered SM, mimicking the handling of the exudate from 109 E. coll cells per ml.
"Cells per ml" denotes the density of the E. coli suspension corresponding to the diluted exudate. For definition of asterisk, see footnote a, Table 1. J. BACTERIOL.
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For technical reasons, the starting of incubations of the three replicate chambers for a given data point were separated by 10-min intervals; therefore, 20 min elapsed between the filling of the first and third chambers for each test. There was no systematic decrease in chemotactic response obtained with the third set of chambers in any experiment. This indicated that any attractants present probably were stable during the experiments (which began 8 min after filtration to make the concentrated exudate).
The main conclusion to be drawn from Table  3 is that all of the exudates from densities of E. coli as high as 108 cells per ml failed to elicit a chemotactic response greater than the background response. In four out of five of the tests, exudates from 3 x 108 cells per ml did not elicit a significant chemotactic response. These results indicate, but do not prove, that oxygen gradients did not cause appreciable repulsion during tests for chemotaxis toward densities of prey as high as 108 cells per ml.
A second observation from the data in Table  3 To evaluate the data shown in the Tables and in Fig. 5 to 7 in terms of the usefulness of chemotaxis for the location of prey by B. bacteriovorus, we need to translate them into distances through which prey can be detected by bdellovibrios. As pointed out by Hespell et al. (20) , the probability that a randomly swimming bdellovibrio will collide with a prey cell increases in proportion to the square of the radius of the prey cell. If the prey is chemotactically attractive to bdellovibrios, its "radius" includes the radius of the sphere through which the attraction is effective. Thus, a chemotactic attraction that could substantially increase the effective radius of the prey cell would greatly reduce the concentration of susceptible bacteria that must be present in an envrionment for bdellovibrios to be able to survive (20) .
We can make a rough translation of our chemotaxis data by referring to a simplified model of the Boyden chamber (Fig. 8) membranes) . In either case, the main effects would be to decrease the numbers of bdellovibrios per unit volume next to the test compartment and to limit the freedom of movement of bdellovibrios within the membrane. Since similar results were obtained with the two types of filters and since the filters clearly are readily penetrated by bdellovibrios, we assume that these barriers do not appreciably affect our analysis.
Second, the attractant bacteria were preincubated 25 or more min before being tested for attractiveness. Some preincubation was unavoidable, occurring while the suspension was enumerated, serially diluted, and put into syringes. The shortest and most convenient time for such handling was 25 min. At the time of testing, the suspensions contained a uniform background concentration of any stable attractants released by the cells during the preincubation. During the experiment, these "background" attractants would diffuse in a onedimensional pattern, and on top of this pattern would be superimposed the radial diffusion surrounding each cell. At very high densities of attractant bacteria, a101 cells per ml, the attractive volumes from the cells would overlap extensively, and one-dimensional diffusion would be approximated. The net effect of the preincubation is to emphasize the weakness of any chemotaxis shown by bdellovibrios toward prey since high densities of prey, present along with a background of any compounds released during the preincubation, failed to attract bdellovibrios.
We obtained no evidence that susceptible bacteria are more attractive than nonsusceptible bacteria; B. bacteriovorus strain UKi2 probably does not use chemotaxis to distinguish susceptible from nonsusceptible cells.
Tlae experiment in which filtrates from mixed cultures were tested for attractiveness indicated that B. bacteriovorus strain UKi2 neither searched for nor avoided infected prey by means of chemotaxis.
We conclude that B. bacteriovorus strain UKi2 probably locates its prey by means of random swimming. The test made with B. bacteriovorus strain 114 further suggests that it also does not use chemotaxis to locate prey cells. These conclusions are consistent with the rapidly accumulating evidence from field work (13-15, 23, 25) and laboratory model studies (16, 17, 22) that bdellovibrios are able to increase in numbers only when the density of prey is relatively high: 5 x 10 to 1 x 10 cells per ml. These numbers are consistent with the rough estimate that 1.5 x 105 prey cells per ml are required for a randomly swimming bdellovibrio to have a 50% probability of striking a prey cell (20) .
Bdellovibrios probably do play a role in the self-purification of polluted waters and soils in which the prey density is high. However, additional biological factors, including other bacterial predators (15, 18, 27) , predacious protozoa (6, 7, 10, 27, 29) , invertebrate predators (27) , algal toxins (27) , competition for nutrients, and perhaps lysis by viruses (5); and physical processes such as dilution, adsorption, and settling (13, 27) interact to further decrease the bacterial population.
The question remains as to what role, if any, chemotaxis plays in the predacious life cycle of B. bacteriovorus. It is possible that bdellovibrios might be attracted to large microcolonies of prey cells. It is estimated that, in soils, most of the bacteria are located on humus particles and occur as microcolonies (19) . The average size of such colonies is small (ca. 4 
